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DET1 (de-etiolated 1) is an essential negative regulator of plant light responses, and it is a component of the
Arabidopsis thaliana CDD complex containing DDB1 and COP10 ubiquitin E2 variant. Human DET1 has
recently been isolated as one of the DDB1- and Cul4A-associated factors, along with an array of WD40-
containing substrate receptors of the Cul4A-DDB1 ubiquitin ligase. However, DET1 differs from conventional
substrate receptors of cullin E3 ligases in both biochemical behavior and activity. Here we report that
mammalian DET1 forms stable DDD-E2 complexes, consisting of DDB1, DDA1 (DET1, DDB1 associated 1),
and a member of the UBE2E group of canonical ubiquitin-conjugating enzymes. DDD-E2 complexes interact
with multiple ubiquitin E3 ligases. We show that the E2 component cannot maintain the ubiquitin thioester
linkage once bound to the DDD core, rendering mammalian DDD-E2 equivalent to the Arabidopsis CDD
complex. While free UBE2E-3 is active and able to enhance UbcH5/Cul4A activity, the DDD core specifically
inhibits Cul4A-dependent polyubiquitin chain assembly in vitro. Overexpression of DET1 inhibits UV-induced
CDT1 degradation in cultured cells. These findings demonstrate that the conserved DET1 complex modulates
Cul4A functions by a novel mechanism.

The ubiquitin conjugation system is used as a common reg-
ulatory strategy in all eukaryotic organisms (12). Ubiquitin is
activated by the E1 ubiquitin-activating enzyme. It is then
transferred to the catalytic site cysteine residue in a ubiquitin-
conjugating enzyme (E2), forming an E2�ubiquitin thioester
intermediate. Finally, the ubiquitin-charged E2 cooperates
with an E3 ligase to attach ubiquitin to a substrate protein. For
those substrates targeted to the 26S proteasome, the initial
ubiquitin attachment is followed by chain elongation (14).

DET1 (de-etiolated 1) was originally isolated as a key regu-
lator of light-activated development in Arabidopsis thaliana (6)
and in tomato (known as HP2 for high pigment 2) (26). Det1
mutants have an altered gene expression pattern and are un-
able to undergo the etiolation developmental path in darkness
(6, 24, 28, 33). In addition, the weak mutants are hypersensitive
to light signals and exhibit an abnormal circadian rhythm.
DET1 has been shown to negatively regulate ubiquitin-protea-
some-mediated turnover of an important circadian clock reg-
ulator, LHY (late elongated hypocotyl) (34). DET1 forms a
protein complex known as the CDD complex with the Arabi-
dopsis homolog of DDB1 (damaged DNA binding protein 1)
(33) and COP10 (41). COP10 is a ubiquitin E2 variant (UEV)
that has the conserved catalytic core domain (UBC) but lacks
the cysteine residue that forms the thioester linkage with ubiq-
uitin and is therefore catalytically inactive (36). COP10 is dis-
tinct from other known UEVs, such as MMS2, UEV1, and

TSG101, as it displays highest homology to the Saccharomyces
cerevisiae Ubc4/5 family of canonical E2s (20, 36). The Arabi-
dopsis COP10 belongs to the COP/DET/FUS class of loci that
also includes conserved genes such as DET1, COP1, and most
of the COP9 signalosome (CSN) genes. This group is defined
by the characteristic photomorphogenic phenotype of the mu-
tant plants (38, 42). Typically, cop/det/fus mutants, now includ-
ing tomato hp1(ddb1), display a constitutive or hypersensitive
light response (6, 22, 24). Recent studies have demonstrated
that members of this group mediate their functions via the
ubiquitin system (38, 42). Unlike DET1 and DDB1, the human
counterpart of COP10, has not been identified to date by
conventional bioinformatic approaches. Likewise, it remains
unclear whether a homologous CDD complex exists in animals.

DDB1 functions as an adaptor for the Cul4A ubiquitin li-
gase, a member of the cullin-RING ubiquitin E3 ligase family
(CRL). DDB1 forms a complex with WD domain-containing
substrate receptors and assembles with Cul4A-Rbx1 (Roc1/
Hrt1) into specific E3 ligase complexes (1, 10, 11, 17). The
Cul4A-DDB1 E3 ligases regulate cell cycle progression, repli-
cation, and DNA damage responses (4, 13, 17, 31, 35). One of
the Cul4A-DDB1 substrates is the DNA replication licensing
factor CDT1, which is degraded in S phase and after DNA
damage (13, 17).

Human DET1 has been shown to interact with human
COP1, DDB1, and Cul4A and together mediate c-Jun ubiq-
uitination and degradation (39). In addition, SCFFWD7 and
Itch, which are CRL family E3 and HECT-domain E3, respec-
tively, have also been demonstrated to mediate signaling-de-
pendent ubiquitination of c-Jun in various biological contexts
(9, 27). In this study, we report that DET1, which does not
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contain a WD40 domain, exhibits unique characteristics dis-
tinct from conventional Cul4-DDB1 substrate receptors, such
as DDB2, CSA, and Cdt2. Our data show that DET1 interacts
with multiple E3 ubiquitin ligases and negatively regulates
Cul4A-mediated polyubiquitination in vitro. In addition, mam-
malian DET1 forms a stable DDD core complex with DDB1
and DDA (DET1, DDB1-associated 1). The DDD complex
recruits a member of the UBE2E group of canonical E2s,
forming a DDD-E2 complex. The UBE2E group shows highest
sequence homology to COP10 in the Arabidopsis genome.
Moreover, the DDD-associated UBE2E-3 is not charged with
ubiquitin, while the free UBE2E-3 is. We suggest that the
DDD-E2 complex is the mammalian counterpart of the Arabi-
dopsis CDD complex.

MATERIALS AND METHODS

Cell culture and siRNA experiment. HeLa cells, HEK293 cells, and Flag-
DET1 stable cells were cultured in Dulbecco’s modified Eagle’s medium con-
taining 10% fetal bovine serum in a CO2 (5%) incubator at 37°C. The small
interfering RNA (siRNA) oligos against DDA1 were made using SMARTpool
reagent (Dharmacon). The siRNA sequences (sense) against other genes were as
follows: UBE2E-3, 5�-GCAUAGCCAC UCAGUAUUU; UBE2E-1, 5�-GCGA
UAACAU CUAUGAAUG; UBE2E-2, 5�-UCACCAGACU AUCCGUUUA.
Transfections were mediated by Lipofectamine 2000 according to the manufac-
turer’s instructions (Invitrogen). Cells were collected 48 h posttransfection for
the siRNA experiment and at 24 h for regular plasmid transfection.

Purification of Flag-DET1 complex. To generate Flag-DET1 stable cell lines in
HEK293 cells, pFlag-DET1 was cotransfected with pBABE, which confers pu-
romycin resistance. One day later, cells were replated in selection medium
containing 3 �g/ml puromycin (Sigma). A cell line with moderate expression of
Flag-DET1 was chosen for purification of the complex.

Flag-DET1 cells from 40 15-cm dishes were collected 48 h after seeding. Cells
were extracted by sonication in hypotonic buffer (20 mM HEPES pH 7.2, 5 mM
KCl, 2.5 mM EDTA) supplemented with Complete protease inhibitors (Roche)
and 0.4% NP-40. The extract was mixed with high-salt buffer (20 mM Tris pH 7.4,
1 M NaCl, 0.4% NP-40, 10% glycerol) to a final volume of 40% (vol/vol),
incubated on ice for 10 min, and clarified by centrifugation (14,000 � g for 15 min
at 4°C). M2 beads (Sigma) were incubated with the supernatant in a ratio of 80
�l slurry to 6 mg of total protein for 6 to 12 h on a roller at 4°C. The beads were
washed in 50% high-salt buffer twice for 10 min at 4°C and then twice in elution
buffer (25 mM Tris-HCL, pH 7.4, 150 mM NaCl, 10% glycerol). Finally, Flag
peptide (1 mg/ml; Sigma) dissolved in elution buffer was incubated with the
sample for 15 min at room temperature. To estimate the quantity of the complex,
first the amount of associated E2 was determined based on silver staining inten-
sity, and then the amount of the complex was calculated assuming that the E2s
represented 10% of the total mass of the complex.

Gel filtration chromatography and immunoprecipitation. Cells were washed
twice in phosphate-buffered saline (PBS) and collected in cold hypotonic buffer
supplemented with 1 mM dithiothreitol (DTT), 0.1% NP-40, and protease in-
hibitor cocktail (Roche), with or without 10 mM ATP and 20 mM MgCl2. Cells
were lysed by freeze-thaw in liquid nitrogen and a 37°C water bath or sonication.
The samples were cleared by microcentrifugation for 10 min at 4°C. Supernatant
was filtered through a 0.2-�m filter and applied to a prepacked Superose-6 gel
filtration column (Amersham-Pharmacia). The equilibration and elution buffers
contained 20 mM Tris-HCl pH 7.2, 200 mM NaCl, and 10% glycerol. Fractions
of 0.5 ml each were collected starting from 7 ml and were mixed with sample
buffer for immunoblot analysis.

For immunoprecipitation, cell extract was prepared in hypotonic buffer and
sonicated as described above. The extract was then mixed 1:1 with PBS buffer
containing 0.4% Triton X-100 and incubated on ice for 10 min. The sample was
clarified by centrifugation (14,000 � g for 15 min at 4°C) twice, and the super-
natant was incubated with antibody-linked agarose beads for 4 to 12 h at 4°C. The
beads were washed four times with PBS buffer containing 0.1% Tween 20. For
T7-Cul4A and Flag-DET1 complexes used for in vitro E3 assays, two additional
washes with the ubiquitin reaction buffer were performed.

UV treatment. UV treatment of HeLa cells in 12-well or 6-well dishes was
carried out 24 hours after transfection. Culture medium was removed, and the
cells were washed once in PBS. The dishes were placed under UV-C lamps (254
nm) in the chamber of a UV Stratalinker 2400 model (Stratagene). After irra-

diation (40 J/m2), culture medium was added back and the cells were returned to
the incubator for the specified times. To collect the samples, cells were washed
with PBS and directly lysed with 3� sodium dodecyl sulfate (SDS) sample buffer,
with about 80 �l per well for 12-well dishes and 160 �l for 6-well dishes. The
samples were boiled for 6 to 10 min and cleared by centrifugation before SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting.

Antibodies and plasmids. To generate antibodies against UBE2-E1 and
UBE2E2, N-terminal amino acid (aa) residues 1 to 44 of UBE2E-1 or aa residues
1 to 52 of the UBE2E-2 fragment were expressed as His-S-tagged fusion proteins
in BL21 cells. Proteins were purified by Ni-nitrilotriacetic acid (NTA) affinity
resin and introduced into rabbits for antibody production. Each antibody was
then demonstrated to recognize only itself but not other homologous E2s. An-
tibodies specific to UBE2E-3 or UbcM2 were made against the specific N-
terminal extension as described elsewhere (7, 30).

Anti-CDT1 (13), anti-COP1 (42), and anti-COP10 (36) have been de-
scribed previously. Anti-Flag (M2; Sigma), anti-His (penta-His monoclonal;
QIAGEN), antiubiquitin (UG9510; BioMol/Affinity), anti-UbcH5 and anti-
UbcH12 (Boston Biochem), anti-elongin B (Santa Cruz), anti-T7 (Novagen),
antihemagglutinin (anti-HA; sc-805; Santa Cruz), and anti-glutathione S-
transferase (anti-GST; Amersham Bioscience) were purchased. The rabbit
antibody against Cul4A was raised against the peptide ERDKDNPNQY
HYVA (ProteinTech Group, Inc.). The rabbit antibody against human DDA
was raised against the C-terminal peptide CAPPRKVARTDSPDMHEDT
(ProteinTech Group, Inc.). Rabbit anti-DDB1 was raised against the human
DDB1 C-terminal 384-aa fragment (aa 756 to 1140), which was produced in
Escherichia coli from pET-DDB1C384 and purified by using Ni-NTA. Simi-
larly, anti-DET1 antibody was raised against a C-terminal region of mouse
DET1 expressed from pRSET-DET1C in E. coli.

Information for construction of plasmids used in this study is available upon
request.

Purification of recombinant proteins and complexes. Recombinant proteins
were expressed in the E. coli BL21(DE3) strain carrying the specified plasmids.
The DDA1/DDB1 complex was obtained by expressing His-DDA1 and untagged
DDB1 from the pET-Duet-HisDDA1-DDB1 vector. The DDA1/DET1 complex
was obtained by expressing His-DDA1 and a T7-tagged DET1 from the pET-
Duet-HisDDA1-T7DET1 vector (see Fig. 3A, below). The DDA1/DDB1/DET1
(DDD) complex was obtained by coexpressing pET-Duet-HisDDA1-DDB1
(Ampr) and pET28-HisT7DET1 (Kanr). All three complexes were purified via
His tag (see Fig. 3A) as described below.

The bacteria were cultured in LB at 37°C to an optical density at 600 nm of 0.6,
at which time protein expression was induced with 0.2 mM isopropyl-�-D-thio-
galactopyranoside for 3 h or overnight at 25°C. His-tagged proteins were purified
with Ni-NTA–agarose beads (QIAGEN or Amersham Biosciences) and eluted
with 250 mM imidazole. GST-E2 fusion proteins were purified with glutathione-
Sepharose beads (Amersham Biosciences) and eluted with 10 mM reduced
glutathione. Samples were dialyzed against a buffer containing 20 mM Tris-HCl
pH 7.5 and 20 mM NaCl and aliquoted for later use in the activity assay. Protein
amounts were estimated by comparing the Coomassie blue staining intensity with
a bovine serum albumin standard.

E2�ubiquitin thioester assay. To detect the E2�ubiquitin thioester linkage in
vitro, 100 ng of recombinant GST–UBE2E-3 purified from E. coli was incubated
with 50 ng E1 (Boston Biochem), 50 �M ubiquitin (Sigma) in the reaction buffer
(25 mM Tris-HCl pH 7.4, 3 mM ATP, 5 mM MgCl2, 0.5 mM DTT) for 10 min
at 30°C. The sample was incubated with an equal volume of nonreducing SDS
sample buffer (8 M urea, 4% SDS, 15% glycerol, 50 mM Tris-HCl pH 6.8, and
0.001% bromophenol blue) for 30 min at 30°C. For reduced samples, a half
volume of each of the nonreduced samples was mixed with DTT to a final
concentration of 50 mM and boiled for 5 min before loading onto the SDS-
PAGE, followed by immunoblotting with anti-GST or anti-UbcM2 antibodies.
To detect the endogenous ubiquitin-charged form of UBE2E-3, cells were ex-
tracted in an ATP-containing buffer as described in “Gel filtration chromatog-
raphy and immunoprecipitation,” above. Samples were mixed in nonreducing or
reducing sample buffer for immunoblotting.

In vitro E3 ligase activity assay. For the T7-Cul4A immunocomplex activity
assay, various components as indicated in the figures were incubated at 30°C for
60 min in 40 �l of assay buffer containing 50 mM Tris-HCl (pH 7.4), 5 mM
MgCl2, 1 mM DTT, and 3 mM ATP. Additional ingredients included 50 ng E1
(Boston Biochem), UbcH5c (Boston Biochem) in amounts specified in the figure
legends, and 5 �g ubiquitin in a 1:5 ratio of N-terminal biotinylated ubiquitin
(Boston Biochem) to unlabeled ubiquitin (Sigma). T7-Cul4A immunocomplex
was obtained by immunoprecipitation from transfected 293 cells using anti-T7-
conjugated resin (Novagen).

For the recombinant Cul4 and Cul1 complex experiment, reactions were
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performed in a total volume of 15 �l that contained 50 mM Tris-HCl pH 7.5, 10
mM MgCl2, 10 mM ATP, 50 ng yeast E1 (Boston Biochem), 200 ng UbcH5b
(Boston Biochem), and 5 �g ubiquitin (Boston Biochem), together with either
300 ng GST-Roc1-Cul1(324–776) (a gift from Zhen-Qiang Pan, Mount Sinai
School of Medicine) or 2 �g of DDB1/CUL4A/Rbx1 (a gift from Ning Zheng,
University of Washington). Varying amounts of bacterially purified His-DDA1/
DDB1, His-DDA1/T7-DET1, or His-DDA1/T7His-DET1/DDB1 (recombinant
DDD complex [rDDD]) complexes and bovine serum albumin (Sigma) were
added to the reaction mixtures as specified in the figure legends. Reaction
mixtures were incubated for 1 h at 37°C before being terminated with DTT-
containing SDS sample buffer.

Nucleotide sequence accession number. The sequence for DDA1 was submit-
ted to GenBank (accession number DQ090952).

RESULTS

The human DET1 complex is composed of DET1, DDB1,
DDA1, and the UBE2E group of E2s. To isolate human DET1
complex, a cell line stably expressing moderate levels of Flag-
tagged mouse DET1 (98% identical to human DET1) was
established in HEK293 cells. Flag-DET1 was immunopurified
via the Flag tag, and the associated proteins were visualized by
silver or Coomassie blue staining (Fig. 1A). Protein bands
specific to the Flag-DET1 samples were excised and analyzed
by mass spectrometry and direct peptide sequencing. Peptides

FIG. 1. Isolation of human DET1 complex. (A) Silver staining of Flag-DET1 complex components isolated from HEK293 cells (mock) or
Flag-DET1 stable cells. Asterisks indicate nonspecific bands. (B) Sequence alignment of DDA1 orthologs from various organisms. Homologous
residues are shaded. (C) Sequence alignment of human UBE2E family E2s, including UBE2E-1 isoforms along with yeast UBC4 (yUBC4),
Arabidopsis COP10, and UbcH5b and UbcH7. Identical residues are shaded. The conserved catalytic cysteine is indicated by an asterisk. Boxed
sequences indicate the peptides identified by mass spectrometry and peptide sequencing.
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corresponding to Flag-DET1 and DDB1 (p125) were identi-
fied. Note that the 124-kDa band in the mock purification was
not DDB1 and did not react with the anti-DDB1 antibody (see
Fig. 6A). The 72- to 75-kDa samples included nonspecifically
bound heat shock proteins and PRMT5.

We consistently found a p14 doublet in stoichiometric
amounts to DET1 and DDB1. Peptides from both bands
matched MGC2594 or PCIA1 (cross-immune reaction anti-
gen). We named this protein DDA1, for DET1, DDB1 asso-
ciated 1 (GenBank accession number DQ090952). DDA1 is a
conserved protein of 102 aa residues whose orthologs can be
found in vertebrates and invertebrates as well as in Arabidopsis
(Fig. 1B), but it contains no recognizable motifs or domains.

A group of specific bands around 24 to 28 kDa were exten-
sively analyzed. A peptide (UBE2E-3 aa 126 to 161) encom-
passing a conserved region of the UBC domain, identical
among the UBE2E group of E2s, was repeatedly recovered
(Fig. 1C). In addition, peptide sequences matching UBE2E-3
aa 68 to 94 and UBE2E-1 (or UbcH6) aa 54 to 80 were
obtained, indicating that multiple E2s from the UBE2E family
were in the complex. Each member of this family has a unique
N-terminal extension, an identifying feature of class III E2s
(25), and is highly homologous to yeast Ubc4/5 and Arabidopsis
COP10 at the UBC domain (Fig. 1C). Importantly, because the
peptide sequence data covered the region containing the active
site cysteine-145 (UBE2E-3), we can definitively conclude that
these proteins are canonical ubiquitin-conjugating enzymes
rather than E2 variants.

Our data showed that stably expressed Flag-DET1 forms a
stable protein complex consisting of DDB1, DDA1, and
UBE2E-3 E2 enzyme. To verify that this complex exists in
normal cells, we generated antibodies against DET1 and
DDA1. Immunoprecipitation of endogenous DET1 or DDA1
from HEK293 cells readily pulled down DDB1, DDA1, and

UBE2E-3 (Fig. 2A). In addition, DDA1, but not DET1, also
coimmunoprecipitated CSN3 (Fig. 2A).

Each DET1 complex contains a specific member of the
UBE2E family of enzymes. We next investigated the speci-
ficity of the E2s associated with DET1. Antibodies recognizing
the unique N-terminal extensions from UBE2E-1 (UbcH6),
UBE2E-2, and UBE2E-3 confirmed that all three enzymes
were in the DET1 complex (Fig. 2D). In contrast, UbcH12, a
Nedd8-specific E2 that also contains an N-terminal extension,
and UbcH1, an E2 with a C-terminal extension, were not
detected (Fig. 2B). Similarly, UbcH5 and UbcH7 were not
detected in the complex (not shown). Interestingly, a poly-
clonal antibody against Arabidopsis COP10 can cross-react
with recombinant human UBE2E-1, UBE2E-2, and UBE2E-3,
but not UbcH5 and UbcH7 (Fig. 2C). Anti-COP10 strongly
reacted with several proteins in the human DET1 complex,
which were probably the UBE2E group of E2s (Fig. 2B, bot-
tom panel). Together, the data show that only the UBE2E
groups of E2s are specifically associated with DET1 and that
the complexes contain multiple E2 enzymes from this group.

Two different scenarios can be envisioned with regard to
how multiple E2s are held in the complex. In one model, two
or more E2 molecules are bound simultaneously as a dimer or
through multiple E2-docking sites in one complex. Alterna-
tively, each complex contains a single E2 molecule and differ-
ent E2s are assembled into different DET1 complexes. These
two models can be distinguished by asking whether the E2s can
associate with each other. Each of the UBE2E group of E2s
was immunoprecipitated from Flag-DET1 stable cells using
specific antibodies for each enzyme (Fig. 2D). Each specific E2
antibody only precipitated itself and DDA1, but not the other
E2 enzymes (lanes 5 to 7), while Flag-DET1 and DDA1 pulled
down all of the E2s (lanes 2 and 4). These data conclusively
show that UBE2E-1, UBE2E-2, and UBE2E-3 do not form

FIG. 2. Endogenous DET1 complex and specificity of DET1-associated E2s. (A) Endogenous DET1 and DDA1 were immunoprecipitated
from HeLa cell extracts using their respective antisera or preimmune serum. The samples were immunoblotted using the indicated antibodies.
(B) Whole-cell extract (input) and Flag-DET1 immunocomplex (IP-Flag) were analyzed by Western blotting using the indicated antibodies.
(C) Recombinant GST-tagged UbcH5, UbE2E-1, UbE2E-2, UbE2E-3, and UbcH7 (50 ng per sample) were loaded on the SDS-PAGE gel.
Anti-COP10 or anti-GST blots are shown. (D) Immunoprecipitations from Flag-DET1 cell extracts were performed using specific antibodies to
UBE2E enzymes along with preimmune serum (pre-im) or other antibodies as indicated. The samples were analyzed by immunoblotting.
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stable heterodimers under these experimental conditions, nor
are they present in a single DET1 complex. Therefore, each
DET1 complex carries a single E2 enzyme, while different E2s
are held in different complexes.

To distinguish different UBE2E-containing complexes, we
hereafter refer to the complex composed of DET1, DDB1, and
DDA1 as the DDD core complex. The DDD core recruits a
specific UBE2E enzyme, for example, UBE2E-3, to assemble a
specific DDD-UBE2E-3 holo-complex. Our data show that
different UBE2E enzymes assemble with distinct DDD cores
to form a heterogeneous population of DDD-E2 complexes in
the cell.

DDA1 directly binds DET1 and DDB1 and is an integral
subunit of the DDD core complex. We further characterized
DDA1 with respect to its interactions with DDB1, DET1, and
E2s. Although recombinant DDB1 and T7-DET1 were insol-
uble when expressed alone in E. coli, each formed a soluble
complex when coexpressed with His-DDA1 and coeluted with
it from the Ni-NTA resin (Fig. 3A). This result indicates that
DDA1 is able to bind DDB1 and DET1 independently. In
mammalian cells, anti-DDA1 antibody efficiently coprecipi-
tated DDB1, DDA1, and UBE2Es (Fig. 2A and D), as well as
Cul4A (Fig. 3B). Notably, overexpression of DET1 signifi-
cantly increased the association of DDA1 with the E2, while its
association with DDB1 or Cul4A remained unchanged (Fig.

3B, lanes 6 and 8). This result indicates that DET1 is the
limiting factor for E2 binding.

DDB1 folds into a three-propeller structure (21). To under-
stand how DDB1 binds DDA1, we expressed a series of DDB1
truncation mutants in cultured cells and tested their ability to
bind DDA1. As shown in Fig. 3C, DDB1 N terminal aa 1 to
392, which form propeller A (BPA), is necessary and sufficient
to bind DDA1. Thus, the DDA1 binding site resides in the
BPA propeller of DDB1.

UBE2E-3 dynamic association with DET1 and role of its
N-terminal extension. Gel filtration fractionation of cell ex-
tract showed that Flag-DET1 and DDA1 predominantly coe-
luted in the 250-kDa fractions as DDD-E2 complexes (Fig.
4A). A low-abundance shoulder of approximately 650 kDa was
also detected. In addition, DDB1 displayed a wide elution
profile, while the CSN1 blot served as an internal marker
indicating the CSN peak position of approximately 500 kDa.
Notably, UBE2E-3 was separated into two populations; about
10% or less cofractionated with DET1 and DDA1, while the
majority eluted as “free UBE2E-3” in fractions corresponding
to its monomer size (Fig. 4A). Other UBE2Es behave similarly
to UBE2E-3 according to an anti-COP10 blot on these frac-
tions (not shown). In addition, we found that association of
UBE2E-3 with DET1 appeared to be more sensitive to ATP
concentrations above 15 mM compared to DDA1 (Fig. 4B)

FIG. 3. Characterization of DDA1. (A) His-DDA1 was coexpressed with untagged DDB1 (upper panel) or with T7-DET1 (lower panel) in E.
coli. The elution from the Ni-NTA resin was examined by Coomassie brilliant blue staining (CBB) and anti-DDB1 or anti-T7 blot assays. (B) HeLa
cells were transfected with Flag-DET1 or vector and were incubated with MG132 (10 �M) for 6 h in the indicated samples. Endogenous DDA1
was immunoprecipitated and analyzed by Western blotting. (C) DDA1 binds to the N-terminal domain of DDB1. Myc-tagged DDB1 and the
truncation mutants were coexpressed with Flag-DDA1 in HEK293 cells. DDB1 proteins were pulled down by anti-myc resin, and association of
Flag-DDA1 was detected by anti-Flag blotting. The data are summarized along with a diagram of the corresponding DDB1 derivatives in the
bottom panel.
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and that knockdown of the UBE2E family of E2s does not
detectably affect association of DET1, DDB1, and DDA1
(data not shown). We suggest that E2 association with DDD is
a dynamic event, as illustrated in Fig. 4E.

Besides the overall sequence homology, the UBE2E group
of E2s shares with Arabidopsis COP10 an N-terminal extension
(Fig. 1C). The function of this extension is unknown, because
all of the reported interactions between UBE2E enzymes and
other proteins, such as importin-11 and the E3s, are mediated
through the UBC domain (7, 16, 29, 30). To evaluate the role
of this domain in DDD binding, we transiently expressed full-
length UBE2E-3 (myc-UBE2E-3), the N-terminal aa 1 to 66
domain (myc-UBE2E-3N), or the C-terminal aa 60 to 207
fragment (myc-UBE2E-3C) in Flag-DET1 cells (Fig. 4C). Un-
fortunately UBE2E-3C failed to express or accumulate in the
cells, precluding further analysis. Still, Flag-DET1 effectively
pulled down myc-UBE2E-3 and endogenous UBE2E-3, as well
as myc-UBE2E-3N, indicating that the N-terminal extension of
UBE2E-3 is sufficient to bind DET1. In agreement, gel filtra-
tion analysis showed that myc-UBE2E-3N was in the complex-
associated fractions (Fig. 4D). The UBC domain also plays a
role, because the full-length myc-UBE2E-3, but not the N-
terminal fragment, could effectively compete against endoge-
nous UBE2E-3 for Flag-DET1 binding (Fig. 4C).

Association of uncharged UBE2E-3 with the DDD core com-
plex. The function of E2s involves the formation of an unstable
E2�Ub thioester intermediate via the catalytic site cysteine
residue (ubiquitin loading or charging). We set out to deter-
mine whether the DDD core complex has a binding preference

for the catalytic state of the E2. Toward this end, a recombi-
nant complex comprised of HisT7-DET1, His-DDA1, and sub-
stoichiometric amounts of untagged DDB1 was isolated from
E. coli (rDDD) (Fig. 5A). This complex could bind to GST–
UBE2E-3 in vitro without ubiquitin charging (Fig. 5B, lane 6),
indicating that ubiquitin charging is not required for the E2s to
associate with DDD.

To extend this observation in vivo, immunoprecipitation of
Flag-DET1 was performed in an extraction buffer supple-
mented with 10 mM ATP to better maintain the ubiquitin-
charged state of the E2s. Under nonreducing conditions,
UBE2E-3�ubiquitin thioester conjugates could be detected in
total cell extracts and the unbound fraction, but not in DET1-
bound samples (Fig. 5C). This result indicates that DET1 pref-
erentially associates with the uncharged form of UBE2E-3.
Further, we examined the distribution of ubiquitin-charged
and uncharged UBE2E-3 in the gel filtration fractions. Re-
markably, all of the ubiquitin-charged UBE2E-3 was found in
the free E2 fractions, while the complex-bound UBE2E-3 was
exclusively in the uncharged state (Fig. 5D). The relative ratio
of the complex-associated and free UBE2E-3 did not signifi-
cantly change with or without the 10 mM ATP supplement
(Fig. 4A and 5D).

An in vitro thioester assay was carried out to compare the
ubiquitin-charging efficiency of recombinant GST–UBE2E-3
and DDD–UBE2E-3, the latter isolated as Flag-DET1 immu-
nocomplex. Recombinant GST–UBE2E-3 could be detectably
charged with ubiquitin by using as little as 20 ng of the protein
(Fig. 5E, lanes 4 to 6). In contrast, the Flag-DET1 complex,

FIG. 4. Characterization of the UBE2Es in DET1 complexes. (A and D) Superose-6 gel filtration analyses of total cell extracts from a
Flag-DET1 stable line (A) or Flag-DET1 stable cell lines expressing myc-UBE2E-3N (D). Fractions were probed with the indicated antibodies.
Fractions corresponding to CSN, DDD-E2, and free UBE2E-3 are labeled at the bottom. The myc-UBE2E-3N-containing DDD complex appeared
slightly smaller than the endogenous DDD-UBE2E-3 complex. The Asterisk indicates the presumed partial breakdown product recognized by
anti-UBE2E-3 but not by anti-myc antibody. (B) Flag-DET1 cell extracts were incubated with EDTA (5 mM) or increasing concentrations of ATP
as indicated prior to Flag immunoprecipitation (IP). Decreased associations with UBE2E-3 and Cul4A were observed, while steady-state levels of
UBE2E-3 and Cul4A did not change (not shown). (C) Myc-tagged UBE2E-3 full length (FL), UBE2E3-N(1–66) (N), or UBE2E3-C(60–207)
(C) was transfected to Flag-DET1 cells. Total extract or Flag immunocomplex samples were blotted as indicated. (E) Proposed model describing
the dynamic interactions of the UBE2Es and the DDD core complex.
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which contained more than 40 ng of UBE2E-3 as judged by
immunoblotting and silver staining, failed to produce a detect-
able level of ubiquitin thioester conjugates (Fig. 5E, lanes 1
and 2). Because the E2s do not carry thioester-linked ubiquitin
in the DDD-E2 form, mammalian DDD-E2 complexes essen-
tially resemble the Arabidopsis CDD complex, which is inca-
pable of forming a ubiquitin thioester.

Association of DET1 with multiple E3 ubiquitin ligases.
Substrate receptors for Cul4A-DDB1 E3s, such as DDB2,
CSA, and Cdt2 WD40 proteins, can pull down approximately
stoichiometric amounts of Cul4A and Rbx1, as well as abun-
dant amounts of CSN components (10, 13, 23). Though DET1
resembles these WD40 proteins in binding to DDB1, we did

not recover any peptides matching Cul4A or CSNs in the
Flag-DET1 immunocomplex. Nonetheless, we detected COP1
and Cul4A in the Flag-DET1 complexes by immunoblotting
(Fig. 6A) as previously reported (39). DET1 also coprecipi-
tated a 75-kDa form of Mdm2. In addition, a transiently ex-
pressed ARA54, a RING E3 previously shown to bind the
UBE2E family of E2s (16), could coprecipitate with DET1
(Fig. 6B). However, unlike CDT2, CSA1, and DDB2, the
DET1 complexes did not contain detectable amounts of CSNs
even by immunoblotting. In addition, DET1 showed no inter-
action with elongin B, a component of the Cul2 E3 complex
(Fig. 6A), or Cul1 (not shown). Our data are consistent with
the notion that DDD-E2 accumulates as a distinct protein

FIG. 5. (A) Coomassie blue gel of the rDDD complex consisting of HisT7-DET1, His-DDA1, and untagged DDB1. The complex was purified
from E. coli by Ni-NTA resin. Identity of each component labeled on the right was verified by immunoblotting. (B) GST or GSTUBE2E-3 was
preincubated under ubiquitin-loading conditions (E1�Ub � lanes) or not (- lanes) and then mixed with rDDD. Following GST pull-down,
association of rDDD components was examined by immunoblotting. (C) Flag-DET1 cells were extracted in an ATP-containing buffer, followed
by Flag immunoprecipitation (IP). Samples were denatured in a nonreducing (-DTT) or standard reducing (�DTT) sample buffer and probed with
anti-UbcM2/UBE2E-3 (top) or anti-Flag (bottom). (D) Flag-DET1 cell extract containing 10 mM ATP was fractionated on a Superose-6 column.
Fractions were mixed with nonreducing (top panel) or reducing (lower panels) sample buffer before immunoblotting. The ubiquitin-charged
UBE2E-3 (UBE2E-3�Ub) was found only in the “free” UBE2E-3 fractions. (E) In vitro ubiquitin thioester assay. Increasing amounts of
recombinant GST–UBE2E-3 or Flag-DET1 immunocomplex were incubated with ubiquitin, E1, in an ATP-containing buffer in a 40-�l volume.
The samples were probed with anti-UBE2E-3 antibody. The arrowhead indicates the ubiquitin thioester conjugate to UBE2E-3. The Flag-DET1
complex in lane 2 contained about 70 ng of UBE2E-3 as estimated by silver staining.
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complex that transiently interacts with Cul4A and other E3
ligases.

Free UBE2E-3, but not DDD-UBE2E-3, can act as an active
E2 or an E2 enhancer for the Cul4A E3 ligase. Toward under-
standing the function of DDD-E2, we first tested whether this
E2-containing complex can act as an E2 to support Cul4A E3
activity in vitro. T7-Cul4A immunocomplex was isolated from
transfected cells, and Flag-DET1 immunocomplexes or UbcH5
were used as the sources of E2 (Fig. 6C). As widely used in
combination with CRL E3s in vitro, UbcH5 was active in sup-
porting T7-Cul4A immunocomplex, as indicated by the high-
molecular-weight polyubiquitin products (lanes 4 and 5).
These polyubiquitin products could be unanchored or could be
attached to heterogeneous proteins in the T7-Cul4A immuno-
complex. Since these polyubiquitin products were generated in
a T7-Cul4A- and UbcH5-dependent fashion (Fig. 6C), we used
it as a measure of Cul4A E3 activity. We found that the Cul4A
complexes were active when supplied with UbcH5 (lane 4), but
not with the DET1 complexes (lane 8). These data indicate
that DDD-E2 complexes do not have classical E2 activities for
Cul4A.

In the following series of experiments, we have dissected
DDD-E2 complexes and addressed the activities of DDD and

the associated E2s separately. With the same experimental
setup as in Fig. 6C, we found that UBE2E-3 was an active E2
for Cul4A in vitro (Fig. 6D, lane 5). Curiously, the ubiquitin
chains assembled by UBE2E-3 differed from those assembled
by UbcH5, as the former generated shorter and more discrete
ubiquitin conjugates in a Cul4A-dependent manner (Fig. 6D,
lane 5, compared to E, lanes 1 and 3). The UBE2E-3(C/S)
mutant, in which the catalytic cysteine residue was mutated to
serine (30), was inactive on its own (Fig. 6D); however, it
significantly enhanced UbcH5/Cul4A activity (Fig. 6E, lane 3,
compared to lane 1). This observation echoes the E2-enhanc-
ing activity described for COP10 UEV (41). While UBE2E-
3(C/S) enhanced the amount of polyubiquitin products, it did
not change the characteristics of UbcH5-generated chains
(Fig. 6E, lanes 1 and 3). Taken together, UBE2E-3 can act as
an independent E2 or an E2 enhancer to support Cul4A ubiq-
uitin ligase activity.

DET1/DDD inhibits Cul4A-mediated polyubiquitination in
vitro. To investigate the role of DDD on Cul4A E3 activity, we
first tested rDDD (Fig. 5A) in the Cul4A immunocomplex
assay described above. Remarkably, addition of the rDDD
complex at roughly double the molar amount relative to
UBE2E-3 drastically inhibited all Cul4A-mediated polyubiq-

FIG. 6. DDD-E2 complex association with E3 ligases and its effect on Cul4A E3 activity. (A) Whole-cell extract (total) or Flag-DET1
immunocomplex (IP-Flag) was analyzed by Western blotting using the indicated antibodies. (B) His-ARA54 was transiently expressed in
Flag-DET1 cells. Proteins in the Ni-NTA pull-down were blotted for anti-His and anti-Flag. (C) All reaction mixtures contained ubiquitin,
biotinylated ubiquitin, and E1. UbcH5c (50 ng) or Flag-DET1 complexes containing approximately (50 ng) of E2s were used as E2 sources.
(D) UBE2E-3 is an active E2 for Cul4A. GST, GST–UBE2E-3, or its catalytic site C/S mutant (2.5 ng/�l) was used as E2. Ubiquitin chains were
detected by antiubiquitin blotting. Equal amounts of Cul4A and GST fusion proteins were confirmed by immunoblotting (lower two panels). (E) A
similar experiment was set up as for the experiment in panel D, except that the E2s were UbcH5 (2.5 ng/�l) in combination with GST (5 ng/�l;
lanes 1 and 2), UBE2E-3 (5 ng/�l; lanes 5 and 6), or UBE2E-3(C/S) mutant (5 ng/�l; lanes 3 and 4). UBE2E-3(C/S) enhanced polyubiquitination
when combined with UbcH5 and Cul4A, while addition of rDDD complex (50 ng/�l) strongly inhibited polyubiquitination detected by antiubiquitin
blotting (upper panel). Amounts of UBE2E-3, Cul4A, and DET1 were confirmed by anti-GST and anti-T7 blotting.
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uitination without affecting the level of Cul4A in the reaction
mixtures (Fig. 6E, lanes 2, 4, and 6). The inhibition was ob-
served in reaction mixtures containing UbcH5 (lanes 1 to 4) or
combinations of UbcH5 and UBE2E-3 (lanes 5 and 6), sug-
gesting that DDD-mediated inhibition of polyubiquitination is
probably not specific for particular E2s.

We next addressed whether DDD exhibits any specificity at
the level of E3s. Since DET1 interacts with Cul4A but not
Cul1, we utilized a reconstituted Cul4A-DDB1-Rbx1 E3 com-
plex (1) and a reconstituted Cul1-Rbx1 system comprised of
the Cul1 C-terminal fragment (aa 324 to 776) in complex with
Roc1 (Rbx1) (40). Both complexes were isolated from bacteria
and were able to assemble polyubiquitin chains independent of
substrate or substrate receptors (Fig. 7, lanes 3). In addition to
rDDD complex, recombinant complexes containing DDA1/
DDB1 and DDA1/DET1 were also tested. In Fig. 7A and B,
recombinant complexes containing equal amounts of DDA1
were added to the reaction mixture, whereas in Fig. 7C and D,
the complexes were normalized according to DET1. Addition
of rDDD, but not partial complexes, robustly inhibited Cul4A-

mediated polyubiquitination in both cases (Fig. 7A and C,
lanes 8 and 9), while only slightly affecting Cul1 activity (Fig.
7B and D). The DDA1/DDB1 and DDA1/DET1 complexes
were inactive, despite their containing equal or more DDA1,
DDB1 (Fig. 7A), or DET1 (Fig. 7C and D) than DDD. This
indicated that all three components were necessary for the
inhibition. In addition, these results demonstrate that rDDD
specifically inhibits Cul4A-dependent polyubiquitination, sup-
porting the idea that direct interaction with the E3 is necessary
for efficient inhibition. On the other hand, the identity of E2,
which was UbcH5 in the above assays, appears not to be crit-
ical.

Stabilization of CDT1 by DET1. DNA replication licensing
factor CDT1 is a Cul4A substrate. Ubiquitination and degra-
dation of CDT1 can be triggered by UV irradiation (13, 17).
We examined the role of DET1 and other components of the
complex in UV-induced CDT1 degradation. The levels of
DET1, DDA1, and UBE2E were knocked down in HeLa cells
by siRNA transfection. Fifteen minutes after UV irradiation
(40 J/m2), CDT1 was effectively degraded in negative control

FIG. 7. In vitro E3 activity assay using reconstituted CRL E3. (A) Recombinant Cul4A-DDB1-Rbx1 complex (2 �g) or (B) recombinant
Cul1(324–776)-Roc1 complex (0.3 �g) was incubated in a 15-�l reaction mixture containing ubiquitin, ATP, E1, and UbcH5b (0.2 �g). As
indicated, bovine serum albumin (BSA; 1.25 and 2.5 �g) or the following recombinant proteins that had equal amounts of DDA1 were added to
the reaction mixture: His-DDA1, DDB1 (0.6 and 1.2 �g); His-DDA1, T7-DET1 (0.75 and 1.5 �g); His-DDA1, HisT7-DET1, and DDB1 (rDDD,
0.75 and 1.5 �g). Ubiquitin chain was detected by antiubiquitin blotting. Total protein amounts in the reaction mixtures were examined by Ponceau
S staining of the membrane. Identity of labeled protein bands was confirmed by immunoblotting. (C and D) Experiments similar to those in panels
A and B, except that the recombinant complexes were normalized for equal amounts of DET1 in the reaction: His-DDA1, DDB1 (3 and 6 �g);
His-DDA1, T7-DET1 (5.5 and 11 �g); His-DDA1, HisT7-DET1, DDB1 (rDDD, 0.75 and 1.5 �g). Amounts of DET1 were confirmed by anti-T7
blotting. Ubiquitin chain was detected by antiubiquitin blotting.
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siRNA (lane 4) as well as in siDET1, siDDA1, and siUBE2E
cells (Fig. 8A). This indicates that DET1 and the DDD-E2
complexes are not required for UV-induced CDT1 degrada-
tion. On the other hand, transient overexpression of Flag-
DET1, but not DDA1 or UBE2E-3, abolished UV-stimulated
degradation of CDT1 (Fig. 8B). CDT1 stabilization was not
caused by alterations in Cul4A ligase level, as the levels of
Cul4A and its neddylation state remained largely unchanged
(Fig. 8B, bottom panel). These results are consistent with the
in vitro data showing that DET1 inhibits Cul4A-mediated
polyubiquitination. However, we cannot rule out that CDT1
stabilization resulted indirectly from DET1 overexpression.
We also noticed that DET1 overexpression caused an elevation
of steady-state CDT1 levels before UV treatment (lane 1 com-
pared to lane 16), suggesting that DET1 may also inhibit cell
cycle-dependent degradation of CDT1, which is the major
route of CDT1 degradation in undamaged normal cells.

DISCUSSION

Function of DET1 in Cul4A-DDB1 ubiquitin ligases. A large
number of DDB1-associated proteins have recently been iso-
lated, most of which are WD40 domain proteins, including
DDB2, CSA, and Cdt2, which recruit substrates to the Cul4A
E3 ligase for ubiquitination (1, 11, 17). DET1 was also isolated
as one of the DDB1-associated proteins. In this study, we
demonstrate that DET1 is distinct from the reported Cul4A-
DDB1 substrate receptors in both biochemical behavior and
activity. First, DET1 does not contain a WD40 domain, a
characteristic of Cul4A-DDB1 substrate receptors. Second, the
conventional substrate receptors, such as DDB2, CSA, and
Cdt2, can each form a stable complex with stoichiometric

amounts of Cul4 and Rbx1 such that Cul4 can be visualized by
silver or Coomassie blue staining in the immunocomplexes (10,
17, 23). Other CRL substrate receptors, such as VHL of Cul2
complex, SOCS-box proteins of Cul5 complex (18), and Skp2
of Cul1 complex (32), share this feature. This indicates that
substrate receptors tend to be associated with their respective
E3s in its functional state. In contrast, DET1 complexes con-
tain very small amounts of Cul4 that are detectable only by
immunoblotting, suggesting that the majority of DDD-E2 com-
plexes are not associated with Cul4. Instead, DDD-E2 repre-
sents a separate structural entity that only transiently interacts
with a variety of E3s. Third, DDB2, CSA, and Cdt2 avidly
recruit CSN complex such that CSN components can be de-
tected by silver staining (10, 23). In the case of DDB2, CSN
could be separated from the DDB2-DDB1-Cul4A-Rbx1 E3
complex by an additional chromatography step, indicating that
the association of CSN is secondary to the E3 complex (10). In
contrast, purified DET1 complexes do not contain detectable
amounts of CSN, even by immunoblotting (Fig. 2). Instead,
DET1 uniquely forms a stable complex with DDA1, DDB1,
and a specific group of E2 enzymes that are absent from all
reported Cul4A substrate receptor complexes. Fourth, the
DDD complex inhibits Cul4A-mediated polyubiquitin chain
assembly in vitro. Forced overexpression of DET1, but not
DDB2 (not shown), abolishes CDT1 degradation in vivo. Con-
sistent with our finding on mammalian DET1, a genetic study
in Arabidopsis also indicated a negative role of DET1 in ubiq-
uitin-proteasome-dependent degradation of the LHY circa-
dian regulator (34).

Nevertheless, our data on DET1 are mutually compatible
with a role of DET1 as an unconventional substrate receptor
for Cul4A. This may apply to the case of c-Jun ubiquitination,
in which DET1 works with COP1 (39). It remains unclear
whether DET1 exerts a different effect on Cul4A in a sub-
strate-dependent manner. Given that Arabidopsis DET1 has
been shown to bind histones (2), it is an appealing possibility
that DET1 may function in specific histone ubiquitination. This
idea is further encouraged by recent reports that Cul4A-DDB1
ubiquitin ligases can mediate histone ubiquitination (19, 37)
and that a member of the UBE2E family, UBE2E-1 (or
UbcH6), participates in histone H2B monoubiquitination by
RNF20/RNF40 (43).

DDD-E2 is the mammalian counterpart of Arabidopsis CDD
despite distinctions between UBE2E enzymes and COP10.
Arabidopsis COP10 is not homologous to any of the human
UEVs but instead displays highest homology to the UBE2E
family of E2s in humans (20). The obvious distinction of
UBE2Es from COP10 is the fact that UBE2Es are canonical
E2 enzymes that have important functions outside of the
DDD-E2 complexes. For example, UBE2E-3 is an active E2
for RNF8 and ARA54 RING E3s (16). It also participates in
HECT-domain E3 Nedd4-mediated ubiquitination of the Na�

channel protein EnaC (7). UBE2E-1 works with the RNF20/40
complex to mediate monoubiquitination of histone H2B (43).
These differences may account for the observation that the
majority of the UBE2E-3 population exists as a monomer,
whereas the predominant population of COP10 is in the CDD
complex (36). In addition, the mechanisms of nuclear translo-
cation appear to differ. The UBE2E enzymes require ubiquitin
loading to interact with importin-11 and to translocate into the

FIG. 8. DET1 inhibits UV-stimulated degradation of CDT1.
(A) HeLa cells in 12-well plates were transfected with siRNA oligos
corresponding to Lamin A (control), DET1, DDA1, and a combina-
tion of UBE2E-1, -2, and -3. After 48 h, cells were irradiated with
UV-C light (40 J/m2). Samples were collected 15 min after the UV
treatment by direct lysis. (B) HeLa cells in 12-well plates were trans-
fected with 4 �g of the plasmids expressing different DDD-E2 sub-
units. After 24 h, cells were exposed to UV-C light (40 J/m2) and
collected by direct lysis in SDS sample buffer at the time points indi-
cated. Levels of CDT1 and overexpressed proteins were detected by
immunoblotting. An asterisk denotes a nonspecific band cross-reacting
with the anti-CDT1 antibody.
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nucleus (30), whereas COP10 localizes to the nucleus by pig-
gybacking on the CDD complex (36).

Importantly, both UBE2Es and COP10 form stable complexes
with DET1 and DDB1. Moreover, despite UBE2Es being func-
tional E2s by themselves, once integrated into the DDD-E2
complex, they can no longer maintain ubiquitin�thioesters. As
a consequence, the DDD-E2 complex is equivalent to a UEV-
containing CDD complex with respect to their biochemical
capabilities. Based on these analogies, we suggest that the
DDD-E2 complex is the mammalian counterpart of the Ara-
bidopsis CDD complex.

Function of DDD-E2 complexes. Among the DDD compo-
nents, DDA1 strongly binds DDB1 and DET1, and DDB1
provides a platform for interacting with Cul4A and WD40
proteins, while DET1 is the determinant factor in E2 binding
and the key component in inhibition of Cul4A. We sometimes
found weak polyubiquitination activities in the DET1 immu-
nocomplexes, but the activities were highly variable, depending
on the isolation conditions (not shown). Interpretation of these
activities is further complicated by the tertiary association of
various E3s with DET1.

All three UBE2E group E2s can independently assemble
with DDD and together constitute a heterogeneous population
of DDD-E2 complexes in the cell. We have shown that the
DDD core can inhibit polyubiquitin chain assembly by Cul4A,
while UBE2E-3 can facilitate Cul4A reactions in a capacity as
either an E2 or an E2 enhancer. In a recent study of plant
CDD (5), it was shown that a complex composed of COP10-
DDB1-DET1 (without DDA1) enhanced Cul4A activity simi-
lar to COP10 alone (41). Still, the function of various DDD-E2
complexes remains elusive at present. It is conceivable that the
DDD-E2 complexes may work with other E2s and promote
unconventional ubiquitin chain assembly, similar to UbcH13/
MMS2 (or UEV1) complexes (8, 15). Alternatively, it may
facilitate specialized ubiquitination reactions, such as mono-
ubiquitination.

The Arabidopsis COP/DET/FUS loci and the tomato HP
(DDB1/DET1) loci (22, 26) define a class of regulators critical
in plant light responses. This group includes CDD compo-
nents, the RING-WD protein COP1, and the CSN compo-
nents (38). Recently, Arabidopsis Cul4A has been shown to
participate in light responses (3, 5). In this study, we have
identified the mammalian DDD-E2 complex as a CDD ho-
molog. It will be interesting to see whether the Arabidopsis
DDA1 homolog is a component of CDD and whether a genetic
mutant of DDA1 bears any resemblance to the phenotype for
cop/det/fus. The mammalian counterparts of the COP/DET/
FUS/DDB1 genes, along with Cul4A, are involved in cellular
responses to UV irradiation (10, 38, 42). CSN is an established
regulator of the Cul4A E3 complex. UV activation of Cul4A-
DDB1-DDB2 ligase is believed to involve the dissociation of
CSN from the E3 complex (10, 35). In this study, we found that
DET1 also regulates Cul4A, revealing another level of com-
plexity in the control of the Cul4A E3 ligase system.

ACKNOWLEDGMENTS

We thank the following researchers who have generously provided
reagents for this study: Hui Zhang, Oliveir Staub, Ning Zheng, Zhen-
Qiang Pan, and Yukio Okano. We thank Y. Yanagawa and J. Sullivan

for discussions during the early course of this project and M. Hoch-
strasser and H. Zhang for critical reading of the manuscript.

E.P. is supported by a Yale University Brown Fellowship and by
Yale University research funds to N.W. N.W. is supported by a grant
from NIH (GM61812). T.T. is supported by a grant from MEXT-
Japan (Grant-in-Aid for Scientific Research C-18570041). O.S.L. is
supported by the Croucher Foundation and an NIH grant (GM47850)
to X.W.D.

REFERENCES

1. Angers, S., T. Li, X. Yi, M. J. Maccoss, R. T. Moon, and N. Zheng. 2006.
Molecular architecture and assembly of the DDB1-CUL4A ubiquitin ligase
machinery. Nature 443:590–593.

2. Benvenuto, G., F. Formiggini, P. Laflamme, M. Malakhov, and C. Bowler.
2002. The photomorphogenesis regulator DET1 binds the amino-terminal
tail of histone H2B in a nucleosome context. Curr. Biol. 12:1529–1534.

3. Bernhardt, A., E. Lechner, P. Hano, V. Schade, M. Dieterle, M. Anders, M. J.
Dubin, G. Benvenuto, C. Bowler, P. Genschik, and H. Hellmann. 2006.
CUL4 associates with DDB1 and DET1 and its downregulation affects di-
verse aspects of development in Arabidopsis thaliana. Plant J. 47:591–603.

4. Bondar, T., E. V. Mirkin, D. S. Ucker, W. E. Walden, S. M. Mirkin, and P.
Raychaudhuri. 2003. Schizosaccharomyces pombe Ddb1 is functionally linked
to the replication checkpoint pathway. J. Biol. Chem. 278:37006–37014.

5. Chen, H., Y. Shen, X. Tang, L. Yu, J. Wang, L. Guo, Y. Zhang, H. Zhang, S.
Feng, E. Strickland, N. Zheng, and X. W. Deng. 2006. Arabidopsis CULLIN4
forms an E3 ubiquitin ligase with RBX1 and the CDD complex in mediating
light control of development. Plant Cell 18:1991–2004.

6. Chory, J., C. Peto, R. Feinbaum, L. Pratt, and F. Ausubel. 1989. Arabidopsis
thaliana mutant that develops as a light-grown plant in the absence of light.
Cell 58:991–999.

7. Debonneville, C., and O. Staub. 2004. Participation of the ubiquitin-conju-
gating enzyme UBE2E3 in Nedd4-2-dependent regulation of the epithelial
Na� channel. Mol. Cell. Biol. 24:2397–2409.

8. Deng, L., C. Wang, E. Spencer, L. Yang, A. Braun, J. You, C. Slaughter, C.
Pickart, and Z. J. Chen. 2000. Activation of the I�B kinase complex by
TRAF6 requires a dimeric ubiquitin-conjugating enzyme complex and a
unique polyubiquitin chain. Cell 103:351–361.

9. Gao, M., T. Labuda, Y. Xia, E. Gallagher, D. Fang, Y. C. Liu, and M. Karin.
2004. Jun turnover is controlled through JNK-dependent phosphorylation of
the E3 ligase Itch. Science 306:271–275.

10. Groisman, R., J. Polanowska, I. Kuraoka, J. Sawada, M. Saijo, R. Drapkin,
A. F. Kisselev, K. Tanaka, and Y. Nakatani. 2003. The ubiquitin ligase
activity in the DDB2 and CSA complexes is differentially regulated by the
COP9 signalosome in response to DNA damage. Cell 113:357–367.

11. He, Y. J., C. M. McCall, J. Hu, Y. Zeng, and Y. Xiong. 2006. DDB1 functions
as a linker to recruit receptor WD40 proteins to CUL4-ROC1 ubiquitin
ligases. Genes Dev. 20:2949–2954.

12. Hershko, A., and A. Ciechanover. 1998. The ubiquitin system. Annu. Rev.
Biochem. 67:425–479.

13. Higa, L. A., I. S. Mihaylov, D. P. Banks, J. Zheng, and H. Zhang. 2003.
Radiation-mediated proteolysis of CDT1 by CUL4-ROC1 and CSN com-
plexes constitutes a new checkpoint. Nat. Cell Biol. 5:1008–1015.

14. Hochstrasser, M. 2006. Lingering mysteries of ubiquitin-chain assembly. Cell
124:27–44.

15. Hofmann, R. M., and C. M. Pickart. 1999. Noncanonical MMS2-encoded
ubiquitin-conjugating enzyme functions in assembly of novel polyubiquitin
chains for DNA repair. Cell 96:645–653.

16. Ito, K., S. Adachi, R. Iwakami, H. Yasuda, Y. Muto, N. Seki, and Y. Okano.
2001. N-terminally extended human ubiquitin-conjugating enzymes (E2s)
mediate the ubiquitination of RING-finger proteins, ARA54 and RNF8.
Eur. J. Biochem. 268:2725–2732.

17. Jin, J., E. E. Arias, J. Chen, J. W. Harper, and J. C. Walter. 2006. A family
of diverse Cul4-Ddb1-interacting proteins includes Cdt2, which is required
for S phase destruction of the replication factor Cdt1. Mol. Cell 23:709–721.

18. Kamura, T., K. Maenaka, S. Kotoshiba, M. Matsumoto, D. Kohda, R. C.
Conaway, J. W. Conaway, and K. I. Nakayama. 2004. VHL-box and SOCS-
box domains determine binding specificity for Cul2-Rbx1 and Cul5-Rbx2
modules of ubiquitin ligases. Genes Dev. 18:3055–3065.

19. Kapetanaki, M. G., J. Guerrero-Santoro, D. C. Bisi, C. L. Hsieh, V. Rapic-
Otrin, and A. S. Levine. 2006. The DDB1-CUL4ADDB2 ubiquitin ligase is
deficient in xeroderma pigmentosum group E and targets histone H2A at
UV-damaged DNA sites. Proc. Natl. Acad. Sci. USA 8:2588–2593.

20. Kraft, E. L., S. Stone, L. Ma, N. Su, Y. Gao, O. Lau, X. W. Deng, and J.
Callis. 2005. Genome analysis and functional characterization of the E2 and
RING-type E3 ligase ubiquitination enzymes of Arabidopsis. Plant Physiol.
139:1597–1611.

21. Li, T., X. Chen, K. C. Garbutt, P. Zhou, and N. Zheng. 2006. Structure of
DDB1 in complex with a paramyxovirus V protein: viral hijack of a propeller
cluster in ubiquitin ligase. Cell 124:105–117.

22. Lieberman, M., O. Segev, N. Gilboa, A. Lalazar, and I. Levin. 2004. The
tomato homolog of the gene encoding UV-damaged DNA binding protein 1

4718 PICK ET AL. MOL. CELL. BIOL.



(DDB1) underlined as the gene that causes the high pigment-1 mutant phe-
notype. Theor. Appl. Genet. 108:1574–1581.

23. Liu, C., M. Poitelea, A. Watson, S. H. Yoshida, C. Shimoda, C. Holmberg, O.
Nielsen, and A. M. Carr. 2005. Transactivation of Schizosaccharomyces
pombe cdt2� stimulates a Pcu4-Ddb1-CSN ubiquitin ligase. EMBO J. 24:
3940–3951.

24. Ma, L., H. Zhao, and X. W. Deng. 2003. Analysis of the mutational effects of
the COP/DET/FUS loci on genome expression profiles reveals their overlap-
ping yet not identical roles in regulating Arabidopsis seedling development.
Development 5:969–981.

25. Matuschewski, K., H. P. Hauser, M. Treier, and S. Jentsch. 1996. Identifi-
cation of a novel family of ubiquitin-conjugating enzymes with distinct amino-
terminal extensions. J. Biol. Chem. 271:2789–2794.

26. Mustilli, A. C., F. Fenzi, R. Ciliento, F. Alfano, and C. Bowler. 1999. Phe-
notype of the tomato high pigment-2 mutant is caused by a mutation in the
tomato homolog of DEETIOLATED1. Plant Cell 11:145–157.

27. Nateri, A. S., L. Riera-Sans, C. Da Costa, and A. Behrens. 2004. The ubiq-
uitin ligase SCFFbw7 antagonizes apoptotic JNK signaling. Science 303:
1374–1378.

28. Pepper, A., T. Delaney, T. Washburn, D. Poole, and J. Chory. 1994. DET1,
a negative regulator of light-mediated development and gene expression in
Arabidopsis, encodes a novel nuclear-localized protein. Cell 78:109–116.

29. Plafker, S. M., and I. G. Macara. 2000. Importin-11, a nuclear import
receptor for the ubiquitin-conjugating enzyme, UbcM2. EMBO J. 19:5502–
5513.

30. Plafker, S. M., K. S. Plafker, A. M. Weissman, and I. G. Macara. 2004.
Ubiquitin charging of human class III ubiquitin-conjugating enzymes triggers
their nuclear import. J. Cell Biol. 167:649–659.

31. Rapic-Otrin, V., V. Navazza, T. Nardo, E. Botta, M. McLenigan, D. C. Bisi,
A. S. Levine, and M. Stefanini. 2003. True XP group E patients have a
defective UV-damaged DNA binding protein complex and mutations in
DDB2 which reveal the functional domains of its p48 product. Hum. Mol.
Genet. 12:1507–1522.

32. Sabile, A., A. M. Meyer, C. Wirbelauer, D. Hess, U. Kogel, M. Scheffner, and
W. Krek. 2006. Regulation of p27 degradation and S-phase progression by
Ro52 RING finger protein. Mol. Cell. Biol. 26:5994–6004.

33. Schroeder, D. F., M. Gahrtz, B. B. Maxwell, R. K. Cook, J. M. Kan, J. M.
Alonso, J. R. Echer, and J. Chory. 2002. De-etiolated 1 and damaged DNA

binding protein 1 interact to regulate Arabidopsis photomorphogenesis.
Curr. Biol. 12:1462–1472.

34. Song, H. R., and I. A. Carre. 2005. DET1 regulates the proteasomal degra-
dation of LHY, a component of the Arabidopsis circadian clock. Plant Mol.
Biol. 57:761–771.

35. Sugasawa, K., Y. Okuda, M. Saijo, R. Nishi, N. Matsuda, G. Chu, T. Mori,
S. Iwai, K. Tanaka, K. Tanaka, and F. Hanaoka. 2005. UV-induced ubiq-
uitylation of XPC protein mediated by UV-DDB-ubiquitin ligase complex.
Cell 121:387–400.

36. Suzuki, G., Y. Yanagawa, S. F. Kwok, M. Matsui, and X. W. Deng. 2002.
Arabidopsis COP10 is a ubiquitin-conjugating enzyme variant that acts to-
gether with COP1 and the COP9 signalosome in repressing photomorpho-
genesis. Genes Dev. 16:554–559.

37. Wang, H., L. Zhai, J. Xu, H. Y. Joo, S. Jackson, H. Erdjument-Bromage, P.
Tempst Y. Xiong, and Y. Zhang. 2006. Histone H3 and H4 ubiquitylation by
the CUL4-DDB-ROC1 ubiquitin ligase facilitates cellular response to DNA
damage. Mol. Cell 3:383–394.

38. Wei, N., and X. W. Deng. 2003. The COP9 signalosome. Annu. Rev. Cell
Dev. Biol. 19:261–286.

39. Wertz, I. E., K. M. O’Rourke, Z. Zhang, D. Dornan, D. Arnott, R. J. Deshaies,
and V. M. Dixit. 2004. Human De-etiolated-1 regulates c-Jun by assembling a
CUL4A ubiquitin ligase. Science 303:1371–1374.

40. Wu, K., K. Yamoah, G. Dolios, T. Gan-Erdene, P. Tan, A. Chen, C. G. Lee,
N. Wei, K. D. Wilkinson, R. Wang, and Z. Q. Pan. 2003. DEN1 is a dual
function protease capable of processing the C terminus of Nedd8 and de-
conjugating hyper-neddylated CUL1. J. Biol. Chem. 278:28882–28891.

41. Yanagawa, Y., J. A. Sullivan, S. Komatsu, G. Gusmaroli, G. Suzuki, J. Yin,
T. Ishibashi, Y. Saijo, V. Rubio, S. Kimura, J. Wang, and X. W. Deng. 2004.
Arabidopsis COP10 forms a complex with DDB1 and DET1 in vivo and
enhances the activity of ubiquitin conjugating enzymes. Genes Dev. 18:2172–
2181.

42. Yi, C., and X. W. Deng. 2005. COP1-from plant photomorphogenesis to
mammalian tumorigenesis. Trends Cell Biol. 15:618–625.

43. Zhu, B., Y. Zheng, A. D. Pham, S. S. Mandal, H. Erdjument-Bromage, P.
Tempst, and D. Reinberg. 2005. Monoubiquitination of human histone H2B:
the factors involved and their roles in HOX gene regulation. Mol. Cell
20:601–611.

VOL. 27, 2007 DET1 REGULATES Cul4A AND FORMS DDD-E2 COMPLEXES 4719


